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Abstract

Much has been made of the capabilities of Field

Programmable Gate Arrays (FPGA's). in the hardware
implementation of fast digital signal processing functions.
Such capability also makes an FPGA a suitable plaO_ormfor
the digital implementation of closed loop controllers. 'Other
researchers have implemented a variety of closed-loop
digital controllers on FPGA's. Some of these controllers
include the widely used Proportional-Integral-Derivative
(PID) controller, state space controllers,, neural network and
fuzzy logic based controllers. There are myriad advantages
to utilizing an FPGA for discrete-time control functions
which include the capability for reconfiguration when SRAM-
based FPGA's are employed, fast parallel implementation of

multiple control loops and implementations that can meet
space level radiation tolerance requirements in a compact
form-factor. GelieralIy, a software implementation on a
Digital Signal Processor (DSP) device or microcontroUer is

used to implement digital controllers. At Marshall Space
Flight Center, the Control Electronics Group has been
studying adaptive discrete-time control of motor driven
actuator systems using DSP devices. .While small form
factor, commercial DSP devices are now available with event
capture, data conversion, Pulse Width Modulated (PWM)
outputs and communication peripherals, these devices are
not currently available in designs and packages which meet
space levelradiation requirements. In general, very few DSP
devices are produced that are designed to meet any level of
radiation tolerance or hardness. An alternative is required

for compact implement_.ion of such functionality to
withstand the harsh environment encountered on spacecraft.
The goal of this effort is to create a fully digital, flight ready
controller design that utilizes an FPGA for implementation of

signal conditioning for control feedback signals, generation
of commands to the controlled system, and hardware
insertion of adaptive-control algorithm approaches..
Radiation tolerant FPGA's are a feasible option for reaching
this goal.

I. INTRODUCTION

The use of programmable logic devices, specifically Field
Programmable Gate Arrays (FI_. A's) for the implementation
of digital signal processing functions has been heavily
promoted and extensively studied[1,2]. There are many
examples of the implementation of high order filters for
radar, sound processing, and general Finite Impulse Response
(FIR) filter implementation[3,4,5,6]. The capabilities of
FPGA's that make .them attractive for general digital signal
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processing applications also make them attractive for the

implementation of digital controllers. A digital filter very
close to, ff not exactly, the form of an Infinite Impulse
Response (I/R) filter can represent most digital controllers.

Adaptive control is a technology that is used for control of
systems having dynamics, which vary over time or with

operating conditions. In it's broadest _finition, adaptive
control includes controllers with gain scheduling, self-tuning
controllers and model reference adaptive control. This work
is primarily concerned with the self-tuning regulator due to
Astrom and Wittenmark[7]. The structure of this adaptive
controllerisillustratedin FigureI.SeN-tuningregulators

combine a linearcontrollerwitha paramemridentification

approach to providea structure in which the gains of the
controllez are calculated on-line. Applications of interest are
electromechanical actuators (EMA's) currently in use on
spacecraft, and those proposed for a power-by-wire system.
Some examples, are aero surface positioning control, thrust

vector control, valve positioning, motor-driven pumps and
translation systems for space-borne experiments.

Figure.1Diagram of the self-tu_ng regulator

Open literature and current observation indicate the vast

majority of-EMA controllers in industrial and aerospace
applications employ a linear control approach with fixed
gains[8,9,10,11,12]. It's generally recognized that the
majority of dcpl.oyed controllersinindustrialsettingsare
poorlymn_ due to lack of skilledpersonnelor lackof

application of analytical approaches[7]. In controllers with
fixed gains, even analytically derived ttmings may not be
optimal due to uncertainty in system parameters, i.e. inmaia,
damping or load. These controllers cannot accommodate
changes in actuator dynamics due to wear and tear and

operation at loads outside the expected range. On-line
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adaptive control addresses these shortcomings and .increases
the "intelligence". of a dosed loop control system. Adaptive

• controllers can provide improved control system performance
in the face of unanticipated changes in actuator/mechanical
system dynamics and allows self-tuning of actuator control
loops. System parameteridentificationemployedby the

adaptiyecontrollercan be used in a fault-detectionand
isolationscheme.

Actuator or subsystem-leveldigitalcontrollexsare

frequentlyimplemented using digitalsignalprocessors

(DSP's). DSP's are a good platformfordigitalcontrol

• because they are. designed to perform repetitive, math
intensive operations. Manufactm'ers such as Texas
Instruments [13], Analog Devices [14] and Motorola [15] are
producing mixed-signal DSP devices for instrumentation and
control applications that include peripherals for analog-to-
digital conversion, event-capture, quadrature sit,hal decoding,
PWM outputs and serial communications. Implementation of
adaptive control on DSP's has been performed in a laboratory
environment to study adaptive control approaches for the
control of motor driven actuators[16"]. The drawback to this
approach is the very limited availability of DSP's produced to
be radiation hard or tolerant. None of the new mixed signal
devices are available in such packages, and the availability of

these devices in military packages is extremely limited.. This
limits the type of space missions on which suchdevices can
be used.

An alternative platform for implementation is required.

The implementation of digital controllers on FPGA's has
been reported extensively. Some examples include, a PID
controller for wheel speed control as part of a digital
controllerfor a wheelchair[17], implementationof

controllersfor robotic app.lications[18], direct torque control

ofan inductionmotor[19]and Implementationofa Kaiman

Filter and Linear Quadratic Ganssian controller-applied to
control of an inverted pendulum[20][21]. Tilere are also

examples of the implementation of controllers utilizing soft
computing techniques, such as neural network
implementation for control of an induction motor[22], and a
Fuzzy logic controller for a variable speed generator[23J. In
the referenced papers, the FPGA approach for
implementation of digital controllers is selected because
FPGA's can provide recontigurable hardware designs, can
process information faster than a general purpose DSP, can
allow the controller architecture to be optimized for space or
speed and bit widths for data registers can be selected based
on applicationneeds. Additionally,implementationin

VHDL or Verilogallowsthe targetingof a varietyof

commerciallyavailableFPGA's. Implementationofdigital

controllersin FPGA's for spaceapplicatiousisattractive

becauseFPGA's areavailableinradiationtolerantpackages,

and they allow complex,digitalcontrol.operationsand

controllerinterfaceperipheralstobecontainedina compact

form factor.Further,multipledigitalcontrolloopsinone
FPGA canreplaceanalogcontrolloopsimplementedinmany

spaceconsumingandpower hungryradiationtolerantanalog

integratedcircuits.
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This paper will outline the implementation of digital
controllers, both linear and adaptive to provide a basis for
understandingtheissueswithimplementationinan FPGA.

The experimentalsystemtobe controlledwillbepresented,

alongwiththeproposedstructureforimplementationofan
adaptivecontrollerinanFPGA.

IX. CONTROLLER IMPLEMENTATION

A. Digital Controllers

In general, digital controllers can be implemented as
digital falters in the following form[24], where k is the

current sample in time, for a given sample period T;

n Jl

y(k) = _ a,x(k-i)-_b_y(k-i)
/=0 i=I

Inthisformy(k)istheoutput,x(k)istheinput,aiand bi

arecoefficients,orgains,ofthecontroller.Thesegainsmust

be selected to produce the desired controller response for a
given dynamic system to be controlled. The process of
determining these gains is called "tuning." The structure of
this digital controller is illustrated in Figure 2. In the figure,
the Z71blocks represent delays of one sample period.

x(k) a0

>
!

E

-b 1
<

+ -b2

y(k)

Figure2Diagramofthedigi_lcontroll_r[24]
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When n = 2, a second order filter is obtained which can be

used to implement second order controllers or cascaded to

create higher order controllers. This representation is shown
in the sampled time domain below;

y(k) = aox(k) + alx(k - 1) + a2x(k - 2)

-b_y(k-1)-b2x(k- 2)

The z-transform of this gives the following transfer
function;

D(z) = Y(z----2-)- ao+ -I + a2z-2
X (z) 1+ l_z -1 + b2z-2

B. PID controller

The well-known PID controller can be implemented using
a second order digital filter. The continuous time
representation of a PID controller is as follows;

de(t)
u(t)= Kee(t)+ l-_, [e(t)dt+ K D-

_1_I ) - dt

In thiscontroller,Kp is the proportionalgain,KI is the
integral gain, KD iS the derivative gain, and e(t) is the error
between the desired response and the actual system response.

In the sample d time domain, with sample period T, the PID
controller is represented as[24]

u(k) = Kee(k) +. _t S(k) + Ko e(k) -Te(k - 1).

• S(k- 1) +T[e(k) + e(k -1)]S(k)

The z-transform of this controller gives the following

a'ansfer function;

+KtTfz+I_+KDIz-1 _
D(z)=r, T -V)

With some manipulation this transfer function can be
represented as a second order filter;

C. Self-Tuning Controller

For this work, the Self-Tuning Regulator, due to Astrom

and Wittenmark [7], will be referred to as a Self-Tuning
Controller. "Regulation" implies the rejection of disturbances

to maintain a controlled process at a constant setpoint, while
"control" implies the broader action of following a desired
trajectory and rejecting disturbances. This controller makes
use of a general linear controller, shown as a z-transform

below, where uc is the desired _ajectory, y is the controlled

process output and u is the control input to the process.

R(z)U (z) = T(z)U c(z) - S (z)Y (z)

The .coefficients of R, T and S are calculated using pole
placement design to produce the desired closed-loop response.
A diagram of a dosed loop control system incorporating the
self-tuning controller is shown in Figure 3.

[ Con l

Design J- _ Identifier "_T
Uc

.B. [ y

Controller Process

T

Figure 3 Closed Loop control system with serf-tuning
controller[7] ,,

When the controlled process is sampled with sampling
period T, it can be modeled as;

tl tl

y(k) = _, biu(k -i)- _ aiY(k-i)
i_ i=1

The Identifier estimates the ai and bi coefficients which

are used to calculate the ri, ti and si coefficients of the
controller.

D(Z) = (Ke + KIT 12 + K D IT)+(- K e + KiT 12- 2K o Ir)z -1 + K D ITz -2

+ KIT .r. KD K_ bI =-1
--K_ao a 2 =_

2 r r b2=O
ch =-K_ 4 K_T 2K_

2 T
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Figure 4 Brushloss DC motor control experimental configuration .
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When n ffi2, the controller can be represented as a second
order filter with an added set of terms for uc

u(k )= toUc (k ) +tlu c(k - 1) - SoY(k) - s_y(k - 1)

- s2y(k - 2) - rlU(k - 1) - r2u(k - 2)

Where the relationship between the controller coefficients
ri, ti and si and the estimated process parameters ai and bi is

determined by the selection of a desired closed loop response

and the pole placement design process. The interested reader
is referred to [7] for an explanation of the pole placement

design process. The identifier uses the re,cursive least-squares
algorithm to estimate the process coefficients. The model for
the process can be represented by

y(k) = • r (k- 1)O

For a second order system,

Or=[aa a 2 b0 b_]

O r =[-y(k-1) -y(k-2) u(k) u(k-l)]

The least squares estimator with exponential forgetting is

_)(k)= e(k - I)+ K(k)e(k)

e(_:) = y(k) - ¢,r(k - 1)@(k - D

K(k) = P(t - 1)_(k - 1)(L+ _r (k - 1)e(k - 1)_(k- 1))-'

P(k) = (I - K(k)_ r (k - 1))P(k - 1) //t

This set of equations is used to update the estimates of a_,

a2, bo and b1 using sampled process outputs and controller

mputq.

It is also possible to substitute the PID control equation for

the general linear control equation used in the self-tuning
controller structure in Figure 3. The PID gains can be tuned
on-line using a design approach that makes use of the
estimated plant coefficients. Dominant pole design is one
such approach [25] and direct synthesis is another design
approach (this is an internal model control (L_IC) technique)
[26].

Ill. EXPERIMENTAL EMA SYSTEM

The experimental system chosen is a brushless DC
(BLDC) motor-driven vertical stage. A diam-am of the
system is shown in Figure 4. The controller must produce a
motor current (torque) command, which is supplied to the
motor driver. The motor driver controls the motor current to

produce motor torque proportional to the current command.
The BLDC motor drives a ballscrew that translates the

rotation of the shal_ to linear displacement of a carriage. The
carriage position is measured using a linear encoder that
IEovides quadrature encoded logic-level signals. A
quadrature signal decoder uses these signals to determine the
direction of motion and to produce pulses that can be counted
to calculate carriage position. The position measurement i.5.
providedto the controllerto compare with the desired
positiontrajectory.The controllerwillproducethecurrent

command by usingtheerrorbetweenthedesiredpositionand

themeasuredposition.Addingorremovingweightscanvary

theloadon thecarriage.Sincethestagemotionisvertical,
thisprovidesavariableloadtorquebiastothemotor.
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Figure 5 Block diagram of the FPGAimplementation of a self-tuning controller

IV. SELF-TUNING CONTROLLF..R IMPLEMENTATION

Controller struaures utilizing the distal filter
representation can easily be implemented in an FPGA as this

representation is simply a multiply-accumulate operation.
However, for the serf-tuning conlroller using pole placement
design, the estimator alad the design functiens require

multiplication and division and are significantly more
complicated. The control design adds nine equations with
one division and several multiply-accumulate operations
each. The identifier adds thirteen equations with multiply
accumulate operations and adds eight division operations.

The controller requires peripheral functions to condition
sensor measurement and control input to the plant. Most of

the required peripheral functions can be implemented as
digital circuits on an FPGA. Figure 4 shows the signal

couditioning fimctious are a quadrature decoder/counter for
position measurement and a PWM generator forthe motor
current command. Initially, in the experimental setup, an
interface to a DSP will be used m genre-atedesired trajectory
commands and for configuration of internal registers. The

DSP will also be used to capture.internal data pertinent to the
analysis of the conirol system perforce. The proposed
FPGA implementation of thecontroller is shown in Figure 5.

Currently the DSP Interface, Quadrature DecoderTCounter

and PWM generator functions have been written inVHDL

and implemented on a Xilinx Virtex XCV300 FPGA. The
DSP interface, quadrature decoder, and three PWM

generators consume 17% of the available logic resources and
17% of the available I/O blocks. These functi_as have been

used in the control of the experimental system via a controller

implemented in software on the DSP. VI-]DL coding and
testing of beth a PID controller and a pole-placement
conlroller is in progress. The design and coding of the

identifier and controller d_ign blocks is underway.

V. SUMMARY

Implementation of controllers as distal filters in
FPGA's is shown to be feasible, and the implementation of
the added components for an adaptive c_atroller is expected

to also be successful. The relevant literature contains many
examples of successful controller implementations in
FPGA's. High order digital filters, with greater complexity

than most digital controllers, have also been implemented on
FPGA's, implying that controllers of greater complexity can
be successfully implemented. The capability of FPGA's to
operate at clock rates in the range of 10's to 100's of MHz

provides plenty of processing capability. Controllers generally
ope_',ate at sampling frequencies ofmuch less than 10 kH_z,for
most practical applications, so throughput should not be a
problem. Implementation of the idenlifier and controller

design calculations will be challenging, but is considered
feasible. The identifier and design equations have multiple
variable terms and will require careful sealing. For
deployment, the DSP interface will be replaced by a suitable
communication interface for command and control.
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